Abstract: During senescence, chlorophyll is broken down to a set of structurally similar, but distinct linear tetrapyrrolic compounds termed phyllobilins. Structure identification of phyllobilins from over a dozen plant species revealed that modifications at different peripheral positions may cause complex phyllobilin composition in a given species. For example, in Arabidopsis thaliana wild-type, eight different phyllobilins have structurally been characterized to date. Accurate phyllobilin identification and quantification, which classically have been performed by high performance liquid chromatography (HPLC) and UV/vis detection, are, however, hampered because of their similar physiochemical properties and vastly differing abundances in plant extracts. Here we established a rapid method for phyllobilin identification and quantification that couples ultra-HPLC with high-resolution/high-precision tandem mass spectrometry. Using Arabidopsis wild-type and mutant lines that are deficient in specific phyllobilin-modifying reactions, we identified a total of 16 phyllobilins, among them two that have not been described before in Arabidopsis. The single and collision-induced dissociation tandem mass spectrometry data of all 16 Arabidopsis phyllobilins were collected in a mass spectrometry library, which is available to the scientific community. The library allows rapid detection and quantification of phyllobilins within and across Arabidopsis genotypes and we demonstrate its potential use for high-throughput approaches and genome-wide association studies in chlorophyll breakdown. By extending the library with phyllobilin data from other plant species in the future, we aim providing a tool for chlorophyll metabolite analysis as a measure of senescence for practical applications, such as post-harvest quality control. however, hampered because of their similar physiochemical properties and vastly differing abundancies in plant extracts. Here we established a rapid method for phyllobilin identification and quantification that couples ultra-high performance liquid chromatography with high-resolution/highprecision tandem mass spectrometry. Using Arabidopsis wild-type and mutant lines that are deficient in specific phyllobilin-modifying reactions, we identified a total of 16 phyllobilins, among them two that have not been described before in Arabidopsis. The single and collision-induced dissociation tandem mass spectrometry data of all 16 Arabidopsis phyllobilins were collected in a mass spectrometry library, which is available to the scientific community. The library allows rapid detection and quantification of phyllobilins within and across Arabidopsis genotypes and we demonstrate its potential use for high throughput approaches and genome-wide association studies in chlorophyll breakdown. By extending the library with phyllobilin data from other plant species in the future, we aim providing a tool for chlorophyll metabolite analysis as a measure of senescence for practical applications, such as post-harvest quality control.
INTRODUCTION
Chlorophyll, the most abundant plant pigment, is a key factor for the absorption of sun-light and for its conversion to chemical energy during photosynthesis. During leaf senescence however, the lightabsorbing properties of chlorophyll may turn into thread, because the decline of the photosynthetic capacity together with the dismantling of the photosynthetic apparatus at this stage would leave behind a highly photo-dynamic molecule that may cause the excess production of reactive oxygen species leading to photo-oxidative damage (Hörtensteiner 2004) . Thus, the degradation of chlorophyll, which marks the most obvious visual symptom of leaf senescence, is a key metabolic process that aims at avoiding such photo-oxidative damage to the senescing tissues. In addition, it allows the efficient remobilization of leaf nutrients, in particular phosphorous and nitrogen, to sink tissues like developing seeds or storage organs (Hörtensteiner and Feller 2002) . Besides leaf senescence, chlorophyll breakdown also occurs during the ripening of many climacteric and non-climacteric fruits, and as a response to challenge with different biotic and abiotic stresses (Amir-Shapira et al. 1987 , Müller et al. 2007 , Mur et al. 2010 .
Although first reports on chlorophyll catabolic activities are just over a century old (Willstätter and Stoll 1913) , the fate of chlorophyll during breakdown remained enigmatic for many decades. In 1991, the structure of a first degradation product of chlorophyll from barley with a linear tetrapyrrole backbone was determined by mass spectrometry (MS) and 1-and 2-dimensional NMR techniques (Kräutler et al. 1991) . Since then, more than 40 (final) linear tetrapyrrolic degradation products of chlorophyll from over 15 angiosperm species, including the model plant Arabidopsis thaliana (Arabidopsis), have been described Hörtensteiner 2014, Kräutler and Hörtensteiner 2013) . Nowadays, they are named phyllobilins, resembling their close structural similarity to heme-derived bilins (Kräutler 2014). All, except one (Müller et al. 2006) , derive from the oxygenolytic cleavage of the chlorin macrocycle of pheophorbide a, an Mg-and phytol-free intermediate of chlorophyll breakdown, to a primary fluorescent chlorophyll catabolite (pFCC) (Figure 1 ). This reaction is catalyzed by the successive action of two enzymes, PHEOPHORBIDE a OXYGENASE (PAO) that converts pheophorbide a to red chlorophyll catabolite (RCC), and RCC REDUCTASE (RCCR) that reduces RCC to pFCC (Rodoni et al. 1997 , Wüthrich et al. 2000 . Biochemical and genetic analyses revealed RCC to be metabolically channeled by PAO/RCCR and not to accumulate in vivo. RCCR exhibits an intriguing stereospecificity, which causes the formation of one of two C16 epimers of pFCC, i.e. pFCC (Mühlecker et al. 1997) or epi-pFCC (Mühlecker et al. 2000) , depending on the source of RCCR (for atom numbering of chlorophyll catabolites, see pFCC in Figure 1 ). Thus, for example, Arabidopsis has a type-1 RCCR and produces pFCC while the tomato RCCR is type-2 and forms epi-pFCC (Pružinská et al. 2007 ).
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Apart from being derived from either pFCC or epi-pFCC, two major subgroups of phyllobilins can be distinguished: (C1-) formyl-(C19-) oxobilins, also termed nonfluorescent chlorophyll catabolites (NCCs) that are the ultimate products of chlorin macrocycle cleavage by PAO, while additional subsequent oxidative C1 deformylation yields (C1,19-) dioxobilin-type catabolites, termed dioxobilin-type nonfluorescent chlorophyll catabolites (DNCCs) (Figure 1 ). While different plant species produce chlorophyll catabolites of only one of the two subgroups, others like, for example, Arabidopsis accumulate both DNCCs and NCCs simultaneously. C1-deformylation in Arabidopsis is catalyzed by the cytochrome P450 monooxygenase CYP89A9, whose activity accounts for more than 90% of the phyllobilins accumulating in this species during senescence (Christ et al. 2013) . In most cases, phyllobilins accumulate inside the vacuole (Hinder et al. 1996 , Matile et al. 1988 as nonfluorescent catabolites (DNCCs or NCCs) that are derived from respective fluorescent precursors (DFCCs or FCCs) by non-enzymatic isomerization caused by the acidic nature of the vacuolar sap (Oberhuber et al. 2003) . Thus, fluorescent breakdown intermediates (derived from pFCC) are the products of several further modification reactions that are known to occur during chlorophyll breakdown and that ultimately give rise to the great variety of structurally distinct phyllobilins found in plants. Most of these modifications happen in the cytosol and occur at five different (peripheral) positions within pFCC.
Except for a hydroxylation of the C3 2 -ethyl side chain, which seems to be common to all species investigated to date, other modifications occur in a species-specific manner, resulting in a defined set of phyllobilins that occur within one species. These modifications include O8 4 -demethylation, C3 2 -OH group glucosylation and/or malonylation, C18-vinyl group dihydroxylation, C2 and C4 hydroxymethylation and esterification of the C12 3 moiety with different alcohols , Kräutler 2014 , Süssenbacher et al. 2014 . Depending on the number of modifying activities present in a given species, complex phyllobilin mixtures may occur. For example, eight (nonfluorescent) phyllobilins have been structurally characterized from senescent leaves of the Col-0 wild-type of Arabidopsis (Christ et al. 2013 , Pružinská et al. 2005 , Süssenbacher et al. 2015 ) (see Table   1 ). METHYLESTERASE16 (MES16) is known in this species to catalyze O8 4 demethylation (Christ et al. 2012) . Additional activities that catalyze C3 2 hydroxylation and subsequent glucosylation, or C2 or C4 hydroxymethylation can be postulated, but their molecular nature is unknown to date (Figure 1 ).
In the past, phyllobilin analysis was mainly performed by classical high performance liquid chromatography (HPLC) and phyllobilin identification was often based on UV/Vis spectra that are typical for different classes of (fluorescent and nonfluorescent) phyllobilins Hörtensteiner 2014, Kräutler 2014 phyllobilins.
RESULTS

Tandem MS-based identification of known and novel phyllobilins in wild-type Arabidopsis
In wild-type Arabidopsis (Col-0), seven non-isomeric nonfluorescent phyllobilins have been identified to date (Table 1 ) (Pruzinska et al. 2005; Christ et al. 2013; Süssenbacher et al. 2015) . Traditionally, these catabolites have obtained a name that is composed of their plant origin (e.g. At, for Arabidopsis thaliana), the type of catabolite (e.g. NCC or DNCC) and an index, which is based on peak order or relative retention under standard reversed-phase HPLC Matile 1993, Kräutler and Hörtensteiner 2013) . Here, we introduce an alternative nomenclature, which indicates the type of catabolite (DNCC or NCC) followed by its monoisotopic molecular mass [M] , but ignores the plant origin of the phyllobilins (see Table 1 [M+H] + for all seven known non-isomeric Arabidopsis phyllobilins within senescent samples. The absence of these peaks from green tissues indicated phyllobilins to be specific to senescent leaves and to produce the most intense MS-ions using our experimental set-up. To confirm their identity, we performed data-dependent MS/MS experiments on individual precursor ions. As shown in Figure 3a for DNCC_618, the most abundant phyllobilin in Col-0 (see Figure S1 for the MS and MS/MS data of all phyllobilins identified in this work), MS/MS experiments resulted in the formation of characteristic major fragment ions known to occur under CID conditions using different MS instruments and a wide range of collision energies (Müller et al. 2014 , Rios et al. 2014a , Vergeiner et al. 2015 ) (see Table S1 , for a structured list of the most abundant MS/MS fragments of each phyllobilin). Among them were fragments corresponding to the loss of pyrrole ring D and/or A. Interestingly, this analysis uncovered fragmentation pattern differences (Table S1 ) for two almost equally abundant isomers of DNCC_632, termed DNCC_632-1 and DNCC_632-2 that differ at the site of hydroxymethylation ( Figure S1 ; Table   1 ; see Figure S2 , for respective EICs). As shown earlier (Süssenbacher et al. 2015) , hydoxymethylation at C2 (as in DNCC_632-2) favored loss of this group in MS/MS mode, as compared to the C4-hydroxymethylated isomer (i.e. DNCC_632-1) ( Figure   3b ; Figure S1 ; Table S1 ) allowed attribution to a novel DNCC, i.e. DNCC_780, the glucosylated derivative of DNCC_618.
In the course of our analysis, we detected another, low abundant DNCC, DNCC_648 ( Figure S3a ) in which most MS/MS fragments were shifted by 30 mass units compared to DNCC_618 indicating DNCC_648 to be potentially hydroxymethylated. However, when performing extractions of senescent Col-0 leaves using deuterated methanol, the mass of DNCC_648 was shifted by three mass units ( Figure   S3b ), indicating this metabolite to be an extraction artifact derived from methoxylation of DNCC_618, the most abundant phyllobilin in Col-0 extracts. Similarly, an additional low abundant NCC, NCC_646, seemed to be the oxidation product of NCC_630. Such oxidation/methoxylation products of phyllobilins have been described before and their occurrence was attributed to enzymatic activities present in leaf extracts of Spathipyllum wallisii (Vergeiner et al. 2015) . Such activities are obviously also present in Arabidopsis. As shown in Figure S3c for two methoxylated derivatives of phyllobilins 7 found in the cyp89a9-1 mutant (see below), the formation of oxidated/methoxylated phyllobilins can be minimized by rapid extraction and work-up of senescent leaves under cold working conditions as described in Experimental Procedures.
Absence of pFCC-modifying enzymes affects phyllobilin composition
Of several pFCC-modifying activities that ultimately lead to the diverse set of phyllobilins found in Arabidopsis, so far only CYP89A9 and MES16 have been identified at the molecular level (Christ et al. 2012 , Christ et al. 2013 . We analyzed respective mutants, i.e. cyp89a9-1, mes16-1 and a cyp89a9-1/mes16-1 double mutant. Figure 4 compares BPCs and EICs of senescent leaves of the three mutant lines. As expected, cyp89a9-1 did not produce dioxobilin-type catabolites (Table 1 ), but instead accumulated high amounts of respective NCCs (Christ et al. 2013 ) and all phyllobilins identified in mes16-1 possessed an intact C8 2 -carboxymethyl ester.
As described above for Col-0, extraction of MS/MS-based characteristic NLCs and EICs and subsequent full MS/MS analysis allowed the identification of one novel phyllobilin in mes16-1, DNCC_794 that corresponds to the respective demethylated wild-type catabolites, i.e. DNCC_780 (Tables 1 and S1 ; Figure S1 ). Further likely phyllobilins were, similar to DNCC_648 in Col-0, artifactual oxidation/methoxylation products of the most abundant phyllobilins occurring in respective mutants that were produced during extraction. Since under optimal extraction conditions ( Figure S3c ) these occurred only in trace amounts, they were not further considered.
Absence of MES16 has been shown to impact the non-enzymatic isomerization of (D)FCCs to (D)NCCs, causing the accumulation of relatively high amounts of fluorescent catabolites during senescence (Christ et al. 2012) . As several of the phyllobilins detected here occurred as isomers with different LC retention times ( Figure S2 ), it seemed possible that these represented respective (D)FCC isomers.
However, this was not restricted to MES16-deficient lines. In addition, under the acidic extraction and LC-MS conditions used here (see Experimental Procedures) fluorescent catabolites were most likely rapidly converted to their (isomeric) nonfluorescent products. In line with this, as an example, the retention time of the most abundant isomer of NCC_806, a phyllobilin present in all four investigated lines (Table 1) , was unaltered in all lines (Figures 2 and 4; see Figure S2 , for respective EICs), while under standard (neutral) HPLC conditions, fluorescent catabolites have shifted retention times as compared to their nonfluorescent counterparts (Christ et al. 2012) . Thus, the nature of phyllobilin isomers, several of which have already been described in the literature (Süssenbacher et al. 2014 , Süssenbacher et al. 2015 remains unsure. For quantification (see below), they were treated as 'one'
phyllobilin.
Phyllobilin identification and quantification by an 'Arabidopsis phyllobilin MS library'
Using classical HPLC and UV/Vis-based peak integration as a measure of quantity, we have shown earlier that the total abundance of phyllobilins that accumulate in senescent Arabidopsis wild-type and cyp89a9-1 leaves accounts for almost all the degraded chlorophyll in these lines (Christ et al. 2013 ).
Since neither standards are available for any of the Arabidopsis phyllobilins that would allow for their exact quantification in MS experiments, nor the relative efficiency of MS ionization of different types of phyllobilins is known, we reasoned to compare UV/Vis-with ion intensity-based quantities of phyllobilins in different mutant backgrounds that are not compromised in chlorophyll breakdown per se.
Firstly, high-resolution/high-precision MS and MS/MS data for the 16 Arabidopsis phyllobilins described above were compiled into a mass spectral library using LibraryEditor and DataAnalysis (Bruker Daltonics, Bremen, Germany). Subsequently, LC-MS data acquired in data-dependent MS/MS mode from wild-type, mes16-1 and cyp89a9-1 were processed using the 'Find Molecular Features'
(FMF) peak detection algorithm of DataAnalysis (Bruker Daltonics), which combines isotopes, charge states, adducts and neutral losses belonging to the same compound into one feature. FMF compounds corresponding to phyllobilins were automatically identified using the Arabidopsis phyllobilin MS library and were quantified using the relative abundance value provided by the FMF algorithm (further details are available in the Experimental Procedures). Finally, UV/Vis peaks were quantified at 254 nm ( Figure   2 ), the wavelength most suitable for determining DNCC and NCC abundancies (Christ et al. 2013 ).
Despite significant variation in phyllobilin composition, causing distinct clustering of the genotypes in a principle component analysis performed on the entire LC-MS spectra data (Figure 5a ), the three lines were expected to accumulate similar phyllobilin quantities. Indeed, overall absorption-based relative quantities matched MS-ion intensities for each analyzed genotype (Figure 5b ), demonstrating that MS ionization efficiency is independent of the type of phyllobilin (e.g. DNCCs vs NCCs, methylated vs demethylated phyllobilins). This rendered potential matrix effects rather unlikely and, thus, allowed absolute quantification with high confidence using one external phyllobilin standard. Accordingly, we
used Cj-NCC-1 (m/z 645.292; [M+H] + ), a well-studied phyllobilin from Cercidiphyllum japonicum (Müller et al. 2014 ) that is a C16 stereoisomer of NCC_644 of Arabidopsis, as standard. To further confirm the usability of Cj-NCC-1 as an external rather than internal standard, we compared ion intensities of the standard within the used concentration range in the absence and presence of senescent leaf extracts from Col-0 (that does not form NCC_644). Figure S4a shows that ion intensity of the standard is unchanged upon addition of Arabidopsis plant extracts, indicating that ion suppression does not occur and calibration obtained using Cj-NCC-1 as the external standard can be used for phyllobilin quantification from plant extracts. Finally, matrix effects potentially deriving from the LC system were analyzed by comparing phyllobilin ion intensity from identical Col-0 samples using different LC elution 9 conditions. Figure S4b shows that changes in the LC program had no effect on the quantity of individual phyllobilins or their total abundance.
We used the Cj-NCC-1 standard to determine absolute phyllobilin quantities in the different mutant lines ( Figure 5c ) and to correlate their abundance to the amount of degraded chlorophyll (Figure 5d ).
This analysis showed that in all investigated lines, the abundance of phyllobilins accumulating during senescence corresponds to about 60-70% of degraded chlorophyll. The fate of the missing fraction remains unclear to date, but possibly further, so far unidentified, phyllobilins are formed, or a certain fraction of the phyllobilins is further degraded.
Applications for the open-source Arabidopsis phyllobilin MS library
The Arabidopsis phyllobilin MS library that contains the spectral data analyzed here and the phyllobilins (Berghold et al. 2002 , Mühlecker and Kräutler 1996 , Müller et al. 2007 , Oberhuber et al. 2001 ) (Figure 6e ). Most of the expected phyllobilins could indeed be identified. As spinach and pear possess a type-2 RCCR, while the one of canola and Arabidopsis is type-1 (Hörtensteiner et al. 2000 , Kräutler 2014 , the phyllobilins detected in spinach and pear are C16-epimers of respective Arabidopsis phyllobilins and were thus slightly shifted towards later retention times. Remarkably, use of the phyllobilin MS library enabled the identification of additional, so far undescribed, phyllobilins in canola and spinach. Among the novel canola phyllobilins were two rather low abundant DNCCs, indicating the presence in this species of a CYP89A9-like enzyme, whose activity may however be low in comparison to the Arabidopsis enzyme (Christ et al. 2013) .
DISCUSSION
Chlorophyll breakdown is the most obvious sign of leaf senescence, but is also relevant during fruit ripening, seed maturation and desiccation in resurrection plants , Guyer et al. 2014 , Moser et al. 2008a , Müller et al. 2007 , Nakajima et al. 2012 . In all plant species investigated so far, chlorophyll breakdown yields structurally similar linear tetrapyrroles, now termed phyllobilins (Kräutler 2014). These are ultimately derived from PAO that cleaves the chlorin macrocycle of the intermediate pheophorbide a (Hörtensteiner et al. 1998 , Pružinská et al. 2003 . Hence, the pathway of chlorophyll breakdown is now called the 'PAO/phyllobilin' pathway (Kräutler and Hörtensteiner 2013).
Most of the naturally occurring phyllobilins are nonfluorescent forms of (C1-) formyl-(C19-) oxobilins Nevertheless, the data presented here for Arabidopsis (which does not form hypermodified catabolites) indicate that under the acidic extraction and LC-MS conditions used, fluorescent phyllobilins were (even in MES16-deficient lines) rather rapidly converted to respective nonfluorescent isomers.
Besides their possible occurrence as either fluorescent or nonfluorescent isomers, phyllobilins are divergent because of distinct side group modifications that occur in a species-specific manner. Thus, for example, in Arabidopsis, potential modifications at four positions (C2, C3 2 , C4 and/or O8 4 ) have been described (Christ et al. 2012 , Christ et al. 2013 , Süssenbacher et al. 2014 , Süssenbacher et al. 2015 ). Hydroxymethylation at C2 or C4 was considered to be linked to C1 deformylation by CYP89A9
and, thus, to only occur in DNCCs, while C3 2 hydroxylation (potentially followed by glucosylation) and hydroxymethylation were considered to exclude each other (Süssenbacher et al. 2015) . Thus, ten
DNCCs and six NCCs with distinct molecular constitution were expected to be present in senescent State-of-the-art quantification in MS studies typically uses isotope labelled standards for each compound to be analyzed. Nevertheless, we choose to quantify phyllobilin abundance using one singly external standard. We rationalize this strategy as follows: (1) phyllobilins are not commercially available, (2) isolation of pure compounds is tedious and at best possible for the most abundant phyllobilins, but impossible for all, (3) isotope labelling would require an in vivo approach, likely causing ununiformed labeling, and (4) phyllobilins are not particularly stable in solution over long periods of time, which would require their regular isolation. Our evaluation of quantification using different mutants that produce different compositions of phyllobilins ( Figure 5 ) and spiking the external standard with plant extracts ( Figure S4 ) demonstrates the reliability of the chosen quantification method.
The LC-MS platform described here that combines ultra-high performance liquid chromatography with sensitive high-resolution/high-precision mass spectrometry has several advantages over traditional HPLC that has widely been used in the past to analyze chlorophyll breakdown in plants. Thus, it allows fast and sensitive phyllobilin identification with high resolution from complex plant extracts using a combination of different MS features such as NLC, EIC and MS/MS spectra. Thus, peak identification and quantification is independent from sole detection by UV/Vis absorption used in the past, which is often hampered by interference of unrelated compounds, in particular in senescent sample extracts.
Finally, highly sensitive mass spectrometry enables the identification of even minor phyllobilins (for example DNCC_780) that have been overlooked in conventional HPLC. Together with the MS library established here, phyllobilin abundance can rather rapidly be quantified across many samples and replicates, allowing high throughput analysis in the future, e.g. for mutant screening purposes or genome-wide association studies.
Recently, a systematic LC-MS methodology was proposed that allows the detection of phyllobilins from sources not studied before (Rios et al. 2015) . (Berghold et al. 2006 , Kräutler et al. 1991 , Losey and Engel 2001 , allowing future analysis of chlorophyll metabolites as a measure of senescence to be used for practical applications, as, for example, post-harvest quality control or senescence screening purposes in field trials.
Phyllobilins are abundant molecules in senescent leaf and fruit peel extracts, and likely also accumulate to rather high abundance under certain chlorophyll degradation-inducing stress conditions. Despite, to the best of our knowledge phyllobilin MS/MS data are not available in publicly accessible MS databases such as METLIN (Smith et al. 2005) or ReSpect (Sawada et al. 2012) . Our work provides a first set of such data in METLIN and aims to promote the systematic addition of MS data of newly identified phyllobilins to public MS databases in the future.
EXPERIMENTAL PROCEDURES
Plant material
Arabidopsis thaliana ecotype Col-0 was used as the wild-type. Two T-DNA insertion lines were used in addition: mes16-1 (SALK_139756; At4g16690) (Christ et al., 2012) and cyp89a9-1 (SM_3_39636; At3g03470) (Christ et al. 2013) . The 18 Arabidopsis ecotypes used for the experiment shown in Figure   6 were from the Nordborg collection (Nordborg et al. 2005) . All Arabidopsis lines were obtained from the European Arabidopsis Stock Center. Canola (Brassica napus cv. Bonanza) was obtained from a local seed company.
Plants were grown on soil in 12-h-light/12-h-dark photoperiod under fluorescent light of 80 to 120
μmol photons m -2 s -1 at 22°C and 60% relative humidity. For senescence induction, leaves from 5-weekold Arabidopsis or 2-week-old canola plants were excised and incubated in permanent darkness on wet filter paper at ambient temperature until they turned yellow (between 8 d and 16 d depending on the ecotype).
Pear fruits (Pyrus communis cv. Conference) and spinach leaves (Spinacia oleracea) were obtained from a local food store.
Phyllobilin extraction
Leaves were collected in 2-mL Eppendorf tubes containing 400-500 µl of 1.25-1.65 mm glass beads, weighted and immediately frozen in liquid nitrogen. The frozen samples were ground using a MM300
Mixer Mill (Retsch, Germany) at 30 Hz for 5 min and stored at -80°C until further processing.
Phyllobilins were extracted using 5 volumes (w/v) of extraction buffer (80% methanol, 20% water, 0.1% formic acid [v/v/v] and 1 µg mL -1 ampicillin as internal standard) precooled to -20°C. Extracts were homogenized at 30 Hz for 5 min in the cold and centrifuged (16'000g, 4°C). After re-centrifugation, supernatants were transferred to LC vials, randomized and analyzed by LC-MS. Note that rapid extraction and work-up under cold conditions is essential to prevent artifactual oxidation/methoxylation reactions to occur (Vergeiner et al. 2015) .
Quantification of chlorophyll
Samples were collected and extracted as described for phyllobilins with the following modifications:
chlorophyll was extracted in 10% (v/v) 0.2 M Tris-HCl, pH 8.0, in acetone, precooled to -20°C (5 mL g -1 fresh weight). After centrifugation twice (4 min, 16'000g, 4°C), supernatants were analyzed spectrophotometrically (Strain et al. 1971) .
LC-MS/MS analysis
The LC-MS/MS instrument was composed of a Thermo Scientific Dionex Ultimate 3000 Rapid [v/v] formic acid) as follows (all v/v): 30% for 0.5 min, 30% to 70% in 7.5 min, 70% to 100% in 0.1 min and 100% for 3.9 min. ESI source conditions were set as follows: gas temperature, 220°C; drying gas, 9 L/min; nebulizer, 2.2 bar; capillary voltage, 4500 V; end plate offset, 500 V. Tuning conditions were set as follows: funnel 1 RF, 250 Vpp; funnel 2 RF, 150 Vpp; isCID energy, 0 eV; hexapole RF, 50 Vpp; quadrupole ion energy, 3.0 eV; quadrupole low mass, 90 m/z; collision cell, 6 eV; pre-pulse storage time, 3 µs. The instrument was set to acquire over the m/z range 50 -1300, with an acquisition rate of 4 spectra s -1
. Conditions for MS/MS of automatically selected precursors (data-dependent MS/MS) were set as follows: threshold, 1000 counts; active smart exclusion (5x); active exclusion (exclude after 3 spectra, release after 0.2 min, reconsider precursor if current intensity/previous intensity is ≥5); number of precursors, 3; active stepping [basic mode, timing 50%-50%, collision RF from 350 to 450 Vpp, transfer time from 65 to 80 µs, collision energy ramped from 80 to 120% (see Table 1 , for collision energies applied for each phyllobilin)]. All data were recalibrated internally using pre-run injection of sodium formate (10 mM sodium hydroxide in 0.2% formic acid, 49.8% water, 50%
isopropanol [v/v/v] The PCA plot comparing Col-0, mes16-1, cyp89a9-1 and cyp89a9-1/mes16-1 (Figure 5a ) was generated using XCMS online (Tautenhahn et al. 2012) as follows: MS data from samples analyzed in MS mode were converted to mzXML format using the program MSConvert (http://proteowizard.sourceforge.net/pubs.shtml) and uploaded to the XCMS online server (https://xcmsonline.scripps.edu/). A multigroup comparison of the three datasets was performed using the pre-set parameters 'UPLC / Bruker Q-TOF'.
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SUPPORTING INFORMATION
Additional Information may be found in the online version of this article. The PAO/phyllobilin pathway of chlorophyll breakdown in Arabidopsis. Chlorophyll is converted to primary FCC, which after export from the chloroplast is modified at different sites as shown. For MS and MS/MS spectral details of the phyllobilins, see Table 1, Table S1 and Figure S1 . Only the major phyllobilin isomers (see Figure S2 ) are labeled. Base peak (BPCs) and extracted ion chromatograms (EICs) of senescent leaf extracts from Arabidopsis chlorophyll catabolic mutants. For MS and MS/MS spectral details of the identified phyllobilins, see Table 1, Table S1 and Figure S1 . In each chromatogram, only the major phyllobilin isomers (see Figure   S2 ) are labeled. Table 1, Table S1 and Figure S1 . Only the major phyllobilin isomers (see Figure S2 ) are labeled. Figure S1 . Cons tu onal formulae and MS/MS fragmenta on sites are shown. P+, protonated precursor ion. Table 1, Table S1 and Figure S1 . In each chromatogram, only the major phyllobilin isomers (see Figure S2 ) are labeled. Intens . The Arabidopsis phyllobilin MS library created with the data of this work was used to quan fy phyllobilin modifica ons across 18 Arabidopsis ecotypes. Data are mean+SD of four biological replicates. (e) Iden fica on of Arabidopsis-like phyllobilins in other plant species. Extracted ion chromatograms (EICs) of phyllobilins iden fied in respec ve ssues are shown. Note that several phyllobilins detected in canola and spinach have not been described before in these species. Note also that spinach and pear possess type-2 RCCRs, hence produce C16 isomers of the respec ve phyllobilins in Arabidopsis or canola. This explains the shi ed reten on mes of the spinach and pear phyllobilins as compared to canola and Arabidopsis (see also Figures 2 and 4) .
